Through ratification of the Water Framework Directive (WFD), EU Member States committed themselves to a pressure-based assessment of the ecological status of their water bodies. Invasive alien species (IAS) constitute a major pressure in many aquatic ecosystems, yet are not explicitly accounted for by the majority of WFD assessment methods. Most Member States argue that no explicit assessment of IAS is required, assuming that significant IAS pressures will affect the WFD biological quality elements (BQEs), and be detected by generic WFD status assessments. We tested this assumption for a selection of country-by-surface-water category combinations, covering nearly 40,000 water bodies. For each of the combinations, the pressure by high-impact IAS is higher in water bodies with ecological status varying from bad to moderate than in water bodies in good or high ecological status. Most high-impact IAS show strong associations with low status class categories. Of the 17 most frequently occurring high-impact IAS, only Mustela vison (Schreber, 1777) and Potamopyrgus antipodarum (Gray, 1853) are disproportionately frequent in high status water bodies. The sensitivity of WFD methods varies across BQEs, with macrophyte-based methods showing a consistently high sensitivity to IAS pressures. However, significant pressures are observed in a number of high status water bodies. This points to a need for further optimization of existing methods so that they address the full range of pressures exerted by IAS.
Introduction
The EC Water Framework Directive (WFD; 2000/60/EC) was adopted in 2000 and remains the single most important legislative instrument for the protection and management of European surface waters and groundwaters. Good ecological and chemical status should be achieved for all rivers, lakes, transitional and coastal waters within the European Union by 2015. Many methods have been developed to assess the ecological status of water bodies (Birk et al. 2012) . These methods compare observed with reference biological communities and should respond to human pressures affecting the structure and functioning of water bodies.
The sensitivity of WFD methods has been quantified for a variety of pressures, including eutrophication (Kauppila 2007; Donohue et al. 2009; Marchetto et al. 2009 ), acidification (Rossaro et al. 2007; McFarland et al. 2010) , hydromorphological changes (Borja et al. 2009 ), pollutants (Borja et al. 2009; Josefson et al. 2009; Sfriso et al. 2009; Delpech et al. 2010) , habitat destruction (Borja et al. 2009 ), tourism (Romero et al. 2007 ) and water regulation (Pall and Moser 2009) .
One pressure which, at a European level, has been largely overlooked in the context of the WFD is that exerted by invasive alien species (IAS). IAS are recognized as the second greatest threat to global biodiversity (CBD 2001) through their impacts on habitat structure (e.g. Caulerpa racemosa (Forsskål) J.Agardh, 1873: Klein and Verlaque 2008) , alterations of the nutrient cycle (e.g. Dreissena polymorpha (Pallas, 1771): Naddafi et al. 2009 ) and shifts in food-web structure (e.g. Mnemiopsis leidyi Agassiz, 1865 : Kideys 2002 . Despite their ecological relevance, IAS are not mentioned in the WFD text. They were formally recognized as a pressure to be considered under the WFD only in 2002, when a working group published a non-legally binding and practical guidance for the identification of pressures and assessment of impacts, according to Article 5 of the WFD (IMPRESS 2002) .
Since then, only a few Member States have incorporated alien species pressures explicitly in their WFD status assessments. Both the Republic of Ireland and the United Kingdom produced a guidance document on the issue (EPA 2004; UK TAG 2004) . These documents are accompanied by a list of IAS, categorized according to impact, which are used in WFD risk assessment and for downgrading ecological status according to the alien species pressure. A similar approach is being used by Catalonia in high mountain lakes, where downgrading follows introduction of fish species (Agència Catalana de l'Aigua 2003). Others account for alien species pressures in a less explicit way. For example, alien species are part of a multimetric index to assess the ecological status of Basque estuaries (Borja et al. 2004) . In Belgium, WFD fish metrics evaluate the proportion of alien species biomass in lakes and certain river zones. Another approach is followed in Germany, where alien species are attributed lower scores than native species in a species-based scoring system developed to assess the status of large rivers (Schöll et al. 2005) . IAS are (partly) removed from reference communities when assessing the status of benthic communities in coastal and transitional waters by means of the Benthos Ecosystem Quality Index (BEQI; Van Hoey et al. 2007 ) and of rivers in the Austrian Fish Index (Gassner et al. 2005) .
The vast majority of methods do not discriminate between native and alien species. Most Member States argue that there is no need for an explicit assessment of the pressure exerted by IAS, thereby assuming that their biological assessment methods are sensitive to a variety of pressures, including IAS (Vandekerkhove and Cardoso 2010) .
Irrespective of the way WFD methods account for alien species pressures, either direct or indirect, their sensitivity needs to be confirmed using empirical data. Van Hoey et al. (2007) could associate changes in the macrobenthosbased BEQI score of certain Dutch brackish waters with an increase in dominance of invasive species, in particular Ensis directus Conrad, 1843 and Crassostrea gigas (Thunberg, 1793) . Padisák et al. (2006) found a significant correlation between the ratio of alien species to total biomass and a phytoplankton assemblage metric developed for use under the WFD. The most comprehensive analysis thus far involved a pressure and impact assessment in 122 sites within three European invasion corridors (Arbačiauskas et al. 2008) . BMWP (Biological Monitoring Working Party -a metric commonly used to assess ecological status based on macroinvertebrates; Wright et al. 2000) decreased significantly with increasing relative abundance and richness of alien invertebrates. MacNeil et al. (2010) repeated this for sites in the Isle of Man (British Isles), and confirmed that those with a greater relative abundance of macroinvertebate IAS tend to have lower water quality.
This paper examines the association between alien species pressure and ecological status in nearly 40,000 water bodies, spread across four countries and covering all four surface water categories.
Methods

Ecological status
In 2011, 10 Member States reported the ecological status of a total of 75,027 water bodies to the European Environment Agency (EEA: http://www.eea.europa.eu/). Ecological status is generally obtained by applying the 'oneout all-out' principle, with the overall ecological status corresponding to the lowest of the BQEspecific status classes. Occasionally, the reported status includes a correction based on supporting conditions and water body type. The results reported are mainly for rivers (77.7%) and lakes (19.2%), but also some coastal waters (2.6%) and transitional waters (0.5%). From the data reported to the EEA, the following were extracted for each water body: ecological status (bad, poor, moderate, good or high), the surface water category (river, lake, coastal or transitional water), the coordinates (WGS84 latitude and longitude), the country code and the unique identifier (ObjectID).
For a subset of the water bodies (n=10,961), more detailed results are published by national environmental agencies within the United Kingdom (http://www.sepa.org.uk/; http://www. environment-agency.gov.uk/). The most recent results (2009) were used for the analysis. Because of the limited availability of biological data in coastal and transitional waters, only data for lakes and rivers were analysed at BQE level. Not all BQEs were assessed in each water body, only those that had been used in classifying at least 500 water bodies. These BQEs included benthic invertebrates, phytobenthos and macrophytes (lakes and rivers), phytoplankton (lakes) and fish (rivers).
High-impact invasive alien species
Following the rationale of other WFD pressure assessments, only species that might significantly alter the structure and/or functioning of aquatic ecosystems should be considered when quantifying the pressure from alien species. At a European level, 166 such species/species groups were identified by a SEBI expert group (Streamlining European 2010 Biodiversity Indicators; EEA 2007). The experts claimed that the list contains the most harmful IAS in Europe, across ecosystems and major taxonomic groups, with respect to their impacts on European biodiversity and their changing abundance or range. From the list only aquatic taxa were retained. All three listed bird species were excluded because these easily migrate across water bodies. Atlantic salmon (Salmo salar Linnaeus, 1758) was excluded also, as the occurrence data do not discriminate between introduced and native lineages. Within the UK, a Technical Advisory Group (UK TAG) has produced and manages a dynamic list of IAS for use under the WFD (UK TAG 2013). The species are classified according to their impacts on native habitats and biota (high, low, unknown) . The list used on the analysis, and published in 2009 before its recent update, included 34 high-impact species associated with aquatic habitats, referred to here as 'HI-IAS'.
For each of the aquatic HI-IAS listed by SEBI and UK TAG, occurrence data were retrieved through the Global Biodiversity Information Facility (GBIF: http://data.gbif.org/). GBIF may not be the most complete information source for individual water bodies, but it is not restricted to species which are part of a BQE. These species are not systematically monitored under the WFD. From the downloaded data, the georeferenced records within the 10 countries with reported ecological status results were selected. Old records (before 1990) and records with low coordinate precision (>100m) were deleted.
Analyses
Each of the occurrence records was assigned to a water body using the software ArcGIS 9.2 (ESRI, California). First, shape files (*.shp) were created with the latitudes and longitudes of the HI-IAS occurrence records and of the water bodies. For an accurate calculation of distances, both layers were re-projected from a World Geodetic System projection (in particular WGS84) into Lambert Azimuthal Equal Area (LAEA) Projection. The distance from an occurrence record to the nearest water body was calculated using the NEAR function.
Further calculations were limited to the eight country  surface water category combinations with the most comprehensive status results and GBIF coverage. For water bodies within these combinations, the pressure by HI-IAS was estimated by counting the number of HI-IAS within a 1 km perimeter around the water body coordinates. The results were visualized using histograms created with Sigmaplot 2000 (Systat Software Inc., San Jose).
For individual species, the analyses are based on occurrence data at the level of the water body. Abundance data are not readily available for most water bodies, and would add disproportionate weight to microscopic organisms. In addition, all selected species are short-listed on a European list of the worst invasive species. For these species, we believe that the detection of the species is almost as informative as the quantification of its abundance.
A quantitative estimate of the sensitivity of a (group of) method(s) was obtained through calculation of an index, hereby termed the Nonnative Species Sensitivity Index (NSSI). The NSSI score is calculated by taking the mean percentage of water bodies in bad, poor and moderate ecological status with HI-IAS, and dividing this by the mean percentage of water bodies in good and high ecological status with HI-IAS. Note that the index score is independent of the distribution of water bodies over status classes, and can also be calculated in regions and/or surface water categories with low density of HI-IAS. A significance value is added to the NSSI score by testing if the percentages of water bodies in bad, poor and moderate ecological status with HI-IAS are significantly higher than the percentages of water bodies in good and high ecological status (1-tailed Student's t-Test, calculated in Statistica (Statsoft Inc., Tulsa), and only reported if p<0.05. Status classes with fewer than 10 water bodies are not included in the calculations, graphs and statistics.
For each shortlisted HI-IAS the degree of association with each status class was calculated. This was done by dividing the observed number of records by the expected number of records per status class, i.e. in the absence of any status association. The level of association was not calculated for species present in fewer than 10 water bodies.
Results
The presence of HI-IAS was assessed for 37,927 water bodies. Overall, HI-IAS become increasingly rare as ecological status improves (Figure 1 ). Ecological status is a multi-pressure assessment; water bodies may have a low ecological status even in the absence of a pressure by alien species. It is of greater relevance to check whether alien species pressures are low in good, and especially high ecological status water bodies. HI-IAS, as defined by the SEBI expert group, are found in 3.2% (moderate) to 3.9% (bad) of the low status water bodies. In contrast, in water bodies at good and high ecological status HI-IAS are present in only 1.4 and 1.1%, respectively. In total, 31 of the water bodies assessed at high ecological status contain HI-IAS. Most of these are coastal waters in the UK, mainly with Potamopyrgus antipodarum (Gray, 1853) (n=17), but also Mustela vison (Schreber, 1777) (n=3) and Cordylophora caspia (Pallas, 1771) (n=1). When using the UK TAG list as a reference, only two water bodies at high ecological status are inhabited by HI-IAS -a river with Canadian pondweed Elodea canadensis Michx. and a coastal water body with the amphipod Crangonyx pseudogracilis Bousfield, 1958 .
The pressure by alien species varies substantially across countries and surface water categories. Although part of the variation is attributable to regional variations in sampling and reporting effort, it is noteworthy that a much lower fraction of Swedish and French rivers are invaded by HI-IAS than British and Dutch rivers (HI-IAS in 0.7% and 0.5% vs. 4.9% and 18.1%, respectively). Within the UK, rivers and lakes experience a lower alien species pressure than coastal and transitional waters (HI-IAS in 4.9% and 6.8% vs. 9.6% and 27.1%, respectively).
For all country  surface water category combinations with sufficient data, the NSSI score is consistently above 1.00. This means that the proportion of water bodies with HI-IAS is higher in the bad to moderate status categories than in the good and high status categories. This is true both when identifying HI-IAS according to the SEBI list and the UK TAG high-impact list. The highest NSSI score (12.61) is given to the method for coastal waters in the UK, with identification of HI-IAS according to UK TAG. Here, HI-IAS are present in a disproportionately high fraction of moderate status water bodies, compared with good or high status coastal water bodies. The high NSSI score is attributable to a strong association of Crepidula fornicata (Linnaeus, 1758) with moderate status coastal waters. The NSSI score for coastal waters based on the SEBI list is lower (1.85), because Potamopyrgus antipodarum, a species exclusive to this list, is strongly associated with high status coastal waters. Because of a lack of British coastal waters in bad or poor status, no significance value can be calculated for the NSSI score. Significant NSSI scores are only found for lakes in the UK (NSSI SEBI =5.07, p=0.044; NSSI UK TAG =5.07, p=0.041). Except for coastal waters, the NSSI scores are largely comparable for the two HI-IAS lists (linear regression of UK NSSI scores: r=47; p=0.024). This is expected, as the SEBI list and the UK TAG list are largely overlapping: of the 30 high-impact alien taxa found within 1 km from a UK water body based on GBIF, 47% are listed both by SEBI and UK TAG. The most noticeable differences are the absence from the UK TAG high-impact list of Elminius modestus Darwin, 1854 (n UK TAG = 118), Potamopyrgus antipodarum (n UK TAG = 89), Oncorhynchus mykiss (Walbaum, 1792) (n UK TAG = 49) and Mustela vison (n UK TAG = 33), and the absence of Crangonyx pseudogracilis from the SEBI list (n SEBI = 47).
Based on the SEBI list, 5.7% of the UK water bodies contain one or more HI-IAS, while species from the more restricted UK TAG list are found in 3.9% of the UK water bodies. The majority of these water bodies are overlapping (59% of water bodies with HI-IAS). For 2.5% (n=272) of the UK water bodies the presence of high-impact aliens varies according to the list that is used. Most of these water bodies (79.4%) are either classified as good or moderate ecological status. The presence of HI-IAS is dependent on the species list for 28 water bodies classified as high ecological status. Only in one of these water bodies species exclusively present in the UK TAG list are recorded.
For British rivers and lakes, available information on HI-IAS and ecological status allowed the responsiveness of different WFD assessment methods to alien species pressures to be compared (Figure 2) Arbačiauskas et al. 2008 ) and restricted to single BQEs. The analysis described here, covering nearly 40,000 water bodies across different countries and surface water categories, reveals the sensitivity of a range of WFD methods to IAS pressures.
A decreasing pressure by HI-IAS with increasing ecological status was observed for most of the country by surface water category associations examined, with NSSI scores consistently higher than 1. These results are broadly in line with expectations that significant IAS pressures should result in impacts detectable by generic WFD methods. It should be noted that the results are conservative as they are based on absolute HI-IAS numbers and not on the ratio of HI-IAS to native species richness or abundance. Many WFD assessment methods respond positively to increases in native species richness, so that stronger associations would be expected if HI-IAS were to be compared with native richness. Such alien to native ratios are frequently used to assess the pressure by alien species (Olenin et al. 2007; Arbačiauskas et al. 2008; Panov et al. 2009 ), but may mask IAS pressures in diverse ecosystems.
With the exception of the UK, none of the countries included in this analysis makes an explicit assessment of alien species pressures (Vandekerkhove and Cardoso 2010) . The UK issued guidance for downgrading ecological status based on the presence of HI-IAS, following two principles: (1) A water body classified as being at high status (i.e. in reference condition) should contain no established alien species known to cause serious impacts to water bodies, and (2) a water body that demonstrates more than a slight adverse impact from one or more established alien species on the highimpact list is considered to be failing to achieve good status (UK TAG 2007) . These downgrading rules have only been applied to a small fraction of the UK water bodies (<5% of the 10,961 water bodies). For example, in the first river basin management cycle, the Environment Agency in England and Wales did not downgrade water bodies at good ecological status based on alien species. The review of the British data indicates that the downgrading procedure resulted in a lowering of the status class for about 40 water bodies. The small proportion of downgraded water bodies may indicate that most of the IAS pressures in British waters are already detected by the BQE-specific assessment tools. However, this conclusion needs to be treated with caution as recent evidence suggests that interactions between invasive and native species may lead to incorrect assumptions about ecological status. A study by Gallardo et al. (in press) investigated the impact of Dikerogammarus villosus on Average Score Per Taxon (ASPT), one of the standard invertebrate metrics used for assessing ecological status in British rivers. They concluded that the impact of D. villosus on highscoring taxa such as mayflies and blackflies would reduce ASPT scores in river sections at high and good status and inflate them in sections at poor status. They concluded that the potential effectiveness of current WFD monitoring strategies could be improved by including a measurement of 'bio-contamination' within biological communities.
Ecological status classification under the WFD should be based on an integrated assessment of all major pressures. At the water body level, not all pressures are equally significant, and the overall ecological status may not reflect the pressure from IAS. However, the observed presence of HI-IAS in high status water bodies calls into question both the accuracy of IAS pressure assessments and/or that of existing WFD assessment methods. Some mismatches may have been caused by the way species records were attributed to water bodies. Indeed, not all HI-IAS found within a 1 km perimeter around a water body will occur within the water body itself. In addition, species recorded in the early 1990s may have been eradicated before the WFD assessment. However, in other studies only samples collected within water bodies were analysed, simultaneously with the status assessment, and a significant pressure of IAS was still observed in a number of waters at high status (Arbačiauskas et al. 2008; MacNeil et al. 2012) . The percentage of water bodies with a mismatch between ecological status and IAS pressure is low in all studies, so that the added value of making changes to assessment methods may be limited. On the other hand, the number of HI-IAS responsible for the mismatches is low, and their pressures may be recorded with relatively little extra effort.
There are a number of arguments that can be made against a more explicit accounting of IAS under the WFD. First, changes or additions to existing WFD methods would involve extra cost and effort. Second, ecological status is directly linked to programmes of measures which are elaborated in River Basin Management Plans. However, for a number of IAS there are currently no effective eradication or control measures, so that downgrading ecological status based on their presence may not help in removing the problem. On the other hand it can be argued that WFD status assessments may contribute to highlighting the problem, and eventually stimulate action to prevent the further spread of established IAS. Another criticism is that a more explicit accounting for IAS pressures, in particular through a postassessment downgrading, adds (in some cases) disproportionate weight to them. For this reason, UK TAG adopted very stringent criteria for the identification of HI-IAS, listing only the few species which are all known to have a serious impact on ecosystem structure and functioning. Finally, the accuracy of IAS pressure assessments is constrained by the limited knowledge on short-and longer-term impacts. For many alien species, the impacts are not known or only partially documented, and it is critically important to assess the potential impacts of IAS case by case. Some IAS may appear to have a positive impact on specific aspects of ecosystem functioning (e.g. zebra mussel Dreissena polymorpha reducing the levels of phytoplankton in nutrient-enriched waters: Ludyanskiy et al. 1993 ) and this may introduce bias into assessments of ecological status. Table 1 . List of aquatic high-impact alien species listed by the working group 'Streamlining European Biodiversity Indicators' (SEBI) and UK Technical Advisory Group (UK TAG), for which records were found through the Global Biodiversity Information Facility (GBIF) in the vicinity of water bodies with reported ecological status results. Birds and salmon are excluded from the list (see text for details). For each species the number of water bodies is given where the species is found within a 1 km perimeter around reported water body coordinates. For species with at least 10 records, the degree of association with a status class is given between brackets (observed number of records divided by number of records expected in the absence of any status association). Ecological status assessments combine the results obtained for different BQEs following specific combination rules. Each BQE method is assumed to reflect a particular pressure (or set of pressures), and the outputs are generally combined using the "one-out all-out" principle. The results of this study point to a differential sensitivity of the BQEs to alien species pressures. Consistently strong sensitivity was observed for status assessments based on analyses of macrophyte assemblages. Macrophytes are the single most important group of HI-IAS, both in the number of species listed (UK TAG: 15 of 34 species, SEBI: 41 of 166 species), and their occurrence in water bodies (366 of the 1201 occurrences; Table 1 ). Macrophytes are known to be good ecological indicators because they provide a spatially and temporally integrated picture of the overall status. Their assessment may not just reveal pressures by invasive macrophytes, but also by other IAS. Indeed, macrophytes interact closely with many other groups of organisms, for example by serving as a food source for herbivores, as a refuge for zooplankton and juvenile fish, or by offering a substratum for sessile organisms and for egg deposition.
Species
While this study quantifies the sensitivity of WFD methods to pressures by IAS, it does not resolve the causality of the observed correlations. There is increasing evidence that IAS can adversely affect the structure and functioning of aquatic ecosystems (Kideys 2002; Krisp and Maier 2005; Klein and Verlaque 2008) . Alternatively, a change in structure and functioning may also facilitate the introduction and spread of alien species. A reduction in native species richness -for example, caused by hydromorphological changes -may affect the resilience of communities to invasions (Dunstan and Johnson 2006) , or eutrophication may dramatically alter the food-web structure in favour of non-native species. The latter is true for many shallow lakes, where increased nutrient levels have induced a shift from a top-down to a bottom-up regulated food web structure, with reduced control of invasive planktivorous and benthivorous fish (Scheffer 1998) . The effects of IAS and other pressures are likely to reinforce each other, potentially resulting in an invasional meltdown at the water body level (Ricciardi 2001) . At the regional scale, positive feedback mechanisms might explain the observed exponential increase in the numbers of alien species (DAISIE 2009).
In conclusion, this comprehensive study suggests a moderate to strong sensitivity to IAS pressures of the WFD methods examined. However, sensitivity is method-specific, and should ideally be assessed for all countries and surface water categories. The interaction of IAS with other pressures such as eutrophication and physical disturbance needs to be examined in order to comprehend the impact of alien species invasions on the structure and functioning of aquatic ecosystems. This knowledge should eventually feed into the river basin management plans.
